Objective Mononuclear cell infiltration in valvular tissue is one of the characteristics in calcific aortic valve disease. The inflammatory responses of aortic valve interstitial cells (AVICs) play an important role in valvular inflammation. However, it remains unclear what may evoke AVIC inflammatory responses. Accumulation of biglycan has been found in diseased aortic valve leaflets. Soluble biglycan can function as a danger-associated molecular pattern to induce the production of proinflammatory mediators in cultured macrophages. We tested the hypothesis that soluble biglycan induces AVIC production of proinflammatory mediators involved in mononuclear cell infiltration through Toll-like receptor (TLR)-dependent signaling pathways. Methods Human AVICs isolated from normal aortic valve leaflets were treated with specific siRNA and neutralizing antibody against TLR2 or TLR4 before biglycan stimulation. The production of ICAM-1 and MCP-1 was assessed. To determine the signaling pathway involved, phosphorylation of ERK1/2 and p38 MAPK was analyzed, and specific inhibitors of ERK1/2 and p38 MAPK were applied.
Introduction
Chronic inflammation is a prominent feature of calcific aortic valve disease (CAVD). Increased levels of proinflammatory cytokines and inflammatory cell infiltration, including T lymphocytes and monocytes, are observed in diseased aortic valves [1, 2] . Leukocytes migrate into the interstitial space of the heart valve in response to locally produced chemoattractant molecules [3] . Aortic valve interstitial cells (AVICs) are capable of expressing proinflammatory mediators that may initiate and promote the inflammatory process [4] . Thus, AVICs are believed to play an important role in the progression of CAVD.
Molecular imaging in inflammation-driven disease reveals increased expression of proinflammatory mediators (e.g., monocyte chemotactic protein 1 [MCP-1] and intercellular adhesion molecule 1 ). MCP-1, acting through its receptor CCR2, is critical for the recruitment of leukocytes to the sites of inflammation [5] . ICAM-1 is an immunoglobulin (Ig)-like cell adhesion molecule [6] . Following stimulation or injury, ICAM-1 expression is upregulated in conjunction with local inflammation and increased leukocyte infiltration [7] . We have reported that stimulation of human AVICs with lipopolysaccharide induces the release of MCP-1 and the expression of ICAM-1 [8, 9] . However, the role of endogenous agents in the induction of AVIC inflammatory response is not well understood.
As a critical determinant of valve function and durability, AVICs have close contact with the extracellular matrix (ECM) and regulate ECM components. In this regard, AVICs are known to synthesize ECM proteins, including biglycan, which are crucial to maintaining the quality and quantity of the ECM in aortic valves [4] . Biglycan, a member of the family of small proteoglycans, is a stationary component of the ECM [10] . However, when biglycan is secreted by cells or is detached from the ECM, it becomes available in a soluble form [11] [12] [13] . Soluble biglycan has been found to induce proinflammatory cytokine production in macrophages through TLR2 and TLR4 [14, 15] . We have previously reported that human AVICs express functional TLR2 and TLR4 and activation of these innate immune receptors in human AVICs induces the expression of proinflammatory mediators [16] . However, endogenous ligands to TLR2 and TLR4 in the aortic valve remain to be identified. Interestingly, biglycan accumulation is observed in calcific, stenotic areas of human aortic valves [17, 18] . Further, soluble biglycan is capable of inducing AVIC expression of a phospholipid transfer protein through TLR2 [17] . Key questions arise does soluble biglycan induce the expression of proinflammatory mediators in human AVICs and what is the signaling mechanism is if it does? Therefore, we aimed to determine the effect of biglycan on the expression of MCP-1 and ICAM-1 in human AVICs and to identify the signaling pathway involved.
We hypothesized that soluble biglycan induces the production of MCP-1 and ICAM-1 in human AVICs via TLR2 and/or TLR4. The purpose of this study was to determine: (1) the effect of soluble biglycan on MCP-1 and ICAM-1 production in human AVICs, (2) the impact of knockdown and neutralization of TLR2 and TLR4 on the effect of biglycan, and (3) the signaling pathway that is required for biglycan to exert an effect.
Materials and methods

Materials
Tissue culture medium (M199) was purchased from Lonza (Walkersville, MD). Antibiotics and collagenase were from GIBCO Laboratories (Grand Island, N.Y.). Fetal bovine serum was from Alekenbio (Nash, TX). Recombinant human biglycan and MCP-1 ELISA kit were purchased from R&D System (Minneapolis, MN). Antibodies against ICAM-1, phosphorylated extracellular signal-regulated kinase 1/2 (p-ERK1/2), total ERK1/2 (t-ERK1/2), phosphorylated p38 mitogen-activated protein kinase (p-MAPK, pp38), total p38 MAPK (tp38), phosphorylated nuclear factor-jB (pNF-jB), and total NF-jB (tNF-jB) were purchased from Cell Signaling, Inc. (Beverly, MA). Antibodies against TLR2 and TLR4, specific siRNA for human TLR2 or TLR4, and scrambled siRNA were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). HiPerFect Ò transfection reagent and other transfection-related reagents were purchased from Qiagen (Valencia, CA). All other chemicals and reagents were from Sigma-Aldrich Chemical Co. (St Louis, MO).
Cell isolation and treatment
Human AVICs were derived from normal aortic valve leaflets from the explanted hearts of 6 patients (4 males and 2 females; age 59.0 ± 8.1 years; all with cardiomyopathy) undergoing heart transplantation at the University of Colorado Hospital. These valve leaflets were thin and did not exhibit histological abnormalities. All patients gave informed consent for the use of their valves for this study. This study was approved by the University of Colorado Denver Institutional Review Board.
AVICs were isolated and cultured as previously described [19] with some modifications [16] . Briefly, valve leaflets were subjected to sequential digestions with collagenase, and cells were collected by centrifugation. Cells were cultured in M199 growth medium supplemented with penicillin G, streptomycin, amphotericin B, and 10 % fetal bovine serum. Cells from passages 3 to 6 were used for this study. Experiments were performed when cells reached 80-90 % confluence on plates.
The effect of biglycan on the inflammatory response was determined following stimulation of cells with varied concentrations of biglycan (0.05, 0.10, and 0.20 lg/mL) for 48 h. Levels of MCP-1 in culture medium and ICAM-1 in cell lysate were assessed using ELISA and immunoblotting, respectively.
To determine the effects of biglycan on phosphorylation of ERK1/2 and p38 MAPK, cells were stimulated with biglycan (0.10 lg/mL) for 60-240 min. To determine the role of ERK1/2 and p38 MAPK in the effect of biglycan on the inflammatory response, specific ERK1/2 inhibitor (PD98059, 10-40 lmol/L) and p38 MAPK inhibitor (SB203580, 5-20 lmol/L) were added to culture medium 30 min before adding biglycan.
Immunoblotting
Immunoblotting was performed to analyze ICAM-1, TLR2, TLR4, phosphorylated and total ERK1/2, phosphorylated and total p38 MAPK, and phosphorylated and total NF-jB. Beta-actin was utilized as a loading control. After stimulation, human AVICs were lysed in a sample buffer (100 mM Tris-HCl, pH 6.8, 2 % SDS, 0.02 % bromophenol blue and 10 % glycerol). The cell lysates were then run on 4-20 % SDS-PAGE, and the proteins were transferred onto PVDF membranes. After being blocked with 5 % skim milk solution, membranes were incubated with primary antibodies, followed by peroxidase-linked secondary antibodies specific to the primary antibodies. Protein bands were revealed using the enhanced chemiluminescence system. The band density was determined using the National Institutes of Health Image J software (Wayne Rasband, National Institutes of Health, Bethesda, MD).
ELISA
The levels of MCP-1 and IL-6 in cell culture supernatants were measured using a commercially available ELISA kit according to the manufacturer's instructions. MCP-1 and IL-6 levels in the culture supernatant were measured in triplicate with an automatic microplate reader (BIO-RAD680, Hercules, CA) at a wavelength of 450 nm.
Gene knockdown
To knockdown TLR2 and TLR4, cells were transfected with siRNAs using HiPerFect Ò transfection reagent. Briefly, cells (60-70 % confluent) in 24-well plates were incubated with a mixture of siRNA (60 nM) and transfection reagent (6 lL per ml of medium) for 48 h. Control cells were treated with scrambled siRNA and transfection reagent. Knockdown of a specified gene was confirmed by immunoblot analysis for protein expression.
Statistical analysis
Data were analyzed using StatView software (Abacus Concepts, Calabasas, CA). All values are expressed as mean ± standard error (SE). Comparisons between groups were performed by one-way ANOVA, complimented by Tukey's HSD/Dunn test when appropriate. A difference was considered significant at P \ 0.05.
Results
Biglycan induces ICAM-1 and MCP-1 production in human AVICs
To examine AVIC inflammatory response to soluble biglycan, we analyzed the expression of ICAM-1 and the release of MCP-1 and IL-6 by cells stimulated with recombinant human biglycan, 0.05-0.20 lg/mL, for 48 h. As shown in Fig. 1a , biglycan at 0.10 or 0.20 lg/mL upregulated ICAM-1 protein levels. In addition, biglycan at these two concentrations induced MCP-1 secretion (Fig. 1b) . However, biglycan had no effect on the release of IL-6 (Fig. 1c) . These results demonstrate that soluble biglycan induces the inflammatory response characterized by expression of ICAM-1 and MCP-1 in human AVICs. Both TLR2 and TLR4 are involved in biglycan-induced inflammatory response in human AVICs
We determined the effects of neutralizing antibodies against TLR2 and TLR4 on ICAM-1 and MCP-1 production. Neutralization of TLR2 markedly reduced ICAM-1 protein levels following biglycan stimulation (Fig. 2a) .
MCP-1 production was reduced by 75.58 % (P \ 0.05; Fig. 2a ) in AVICs treated with TLR2-neutralizing antibody before biglycan stimulation. Meanwhile, neutralization of TLR4 resulted in a moderate reduction in ICAM-1 and MCP-1 production in response to biglycan (Fig. 2a) .
To further determine the role of TLR2 and TLR4 in biglycan-induced inflammatory response, TLR2 siRNA and TLR4 siRNA were applied before biglycan stimulation. As shown in Fig. 2b , treatment with a specific siRNA for TLR2 or TLR4, but not a control siRNA, markedly reduced the protein levels of TLR2 or TLR4. TLR4 knockdown reduced ICAM-1 and MCP-1 production induced by biglycan, while knockdown of TLR2 resulted in greater suppression of the inflammatory responses (Fig. 2b) . Knockdown of TLR2 markedly reduced production of ICAM-1 and MCP-1 following biglycan stimulation. The results suggest that biglycan induces the inflammatory response in human AVICs through both TLR2 and TLR4. Between these two receptors, TLR2 has a more important role in mediating biglycan-induced production of ICAM-1 and MCP-1.
Inhibition of ERK1/2 suppresses ICAM-1 and MCP-1 production induced by biglycan ERK1/2 and p38 MAPK signaling pathways play a central role in proinflammatory signaling downstream of TLR2 and TLR4 [20] . ERK1/2 and p38 MAPK activation was determined in AVICs by analysis of their phosphorylation. As shown in Fig. 3a , biglycan stimulation resulted in p38 MAPK phosphorylation. However, inhibition of p38 MAPK with SB203580 had no effect on the production of ICAM-1 and MCP-1 (Fig. 3b) . Phosphorylation of ERK1/2 was also induced by biglycan (Fig. 4a) . Inhibition of ERK1/2 with PD98059 (10-40 lmol/L) markedly decreased biglycan-induced ICAM-1 expression. Similarly, inhibition of ERK1/2 with varied concentration of PD98059 reduced MCP-1 levels by 58.97-61.43 % (P \ 0.05; Fig. 4b ).
ERK1/2 is involved in mediating biglycan-induced NF-jB phosphorylation NF-jB is important for AVIC production of MCP-1 and ICAM-1 [21, 22] . We sought to determine the relationship between ERK1/2 activation and NF-jB phosphorylation in human AVICs following biglycan stimulation. Cells treated with biglycan exhibited increases in the phosphorylated form of NF-jB. Inhibition of ERK1/2 with PD98059 (20 lmol/L) markedly reduced biglycan-induced NF-jB phosphorylation (Fig. 5) . These results together indicate that the ERK1/2-NF-jB cascade is involved in the mechanism of TLR2/4-dependent AVIC inflammatory response to biglycan stimulation.
Discussion
CAVD occurs commonly in people over 65 years of age [23] . Unfortunately, mechanisms underlying the pathogenesis of CAVD are not well understood. The scientific consensus is that chronic inflammatory changes are important events responsible for progression of this disease. However, the molecular mechanism underlying aortic valve inflammation remains to be elucidated. We observed Biglycan accumulation is observed in calcific, stenotic areas of human aortic valves [17, 18] . Our previous studies and the work by others demonstrate that TLR2 is required for mediating the effects of soluble biglycan in the induction of an osteogenic response and the expression of phospholipid transfer protein in AVICs [17, 24] . These studies suggest that biglycan functions as a pathogenassociated molecular pattern. Several studies suggest that biglycan modulates the inflammatory process [12, 13, 15, 25] . In a murine unilateral ureteral obstruction model, biglycan up-regulation is sustained in the renal interstitium [26] . In addition, the expression of biglycan is found to be elevated in human fibroblasts from granulation tissue and bronchial mucosa of asthmatic patients [27] . Such elevated expression suggests a role for biglycan in the development of chronic inflammatory lesions. In murine primary peritoneal macrophages, biglycan induces the production of proinflammatory cytokines, such as TNF-a, pro-IL-1b, MIP-2, MIP-1a, MCP-1, CXCL13, and RANTES [11, 14] . We found in this study that soluble biglycan up-regulates cellular ICAM-1 levels and MCP-1 release in human AVICs. Particularly, biglycan at 0.10 lg/mL has a robust effect on ICAM-1 expression and MCP-1 release. It is well known that ICAM-1 and MCP-1 are two important inflammatory mediators that mediate leukocyte infiltration [5, 7] . It is likely that biglycan modulates aortic valve inflammatory response and contributes to the mechanism underlying CAVD progression.
The ''early lesions'' associated with CAVD are characterized by inflammatory changes, including the accumulation of T lymphocytes, mononuclear cells and macrophages in valvular tissue, and an inflammatory milieu appears to promote aortic valve calcification [28] . In this regard, AVICs are recognized as the most important cell type involved in aortic valve inflammation and calcification [22, 29] . Further, AVICs are found to differentiate to osteoblast-like cells when exposed to proinflammatory mediators [16, 22, 30] . The results of the present study show that biglycan up-regulates the expression of ICAM-1 and MCP-1 in human AVICs. Since these two proinflammatory mediators are important for leukocyte adherence to endothelial cells and migration to the interstitial spaces, upregulation of their expression by biglycan may contribute to the mechanism of chronic inflammation associated with CAVD progression. In addition, these two inflammatory mediators may contribute to the mechanism of aortic valve calcification by paracrine effect on AVIC pro-osteogenic differentiation. Indeed, we have observed that prolonged stimulation of human AVICs with biglycan induces the expression of osteogenic biomarkers in the absence of leukocytes [24] . Nevertheless, upregulation of the expression of ICAM-1 and MCP-1 in human AVICs may contribute to the pathogenesis of CAVD through leukocyte-dependent and leukocyte-independent mechanisms. Further studies are needed, however, to determine the role of ICAM-1 and MCP-1 expressed by AVIC in aortic valve inflammation and calcification.
Previous studies found that biglycan induces production of proinflammatory mediators in cultured macrophages via TLR2 and TLR4 [14, 25] . Human AVICs express functional TLR2 and TLR4 [16] . We have previously found that activation of TLR2 or TLR4 up-regulates ICAM-1 expression and MCP-1 release in human AVICs [16] . Further, our previous work shows that biglycan can interact with TLR2 and TLR4 on human AVICs [24] . In the present study, we determined the role of TLR2 and TLR4 in the induction of ICAM-1 and MCP-1 by biglycan. We found that TLR4 blockade reduced ICAM-1 and MCP-1 production induced by biglycan, while TLR2 blockade resulted in greater suppression of the inflammatory responses. By utilizing a knockdown approach, we confirmed that induction of the AVIC inflammatory response by biglycan involves both TLR2 and TLR4, while TLR2 has a more important role.
ERK1/2-NF-jB pathway is involved in post-receptor signaling TLR2 and TLR4 activate multiple proinflammatory signaling pathways [31] [32] [33] . In the present study, we found that biglycan induces rapid phosphorylation of p38 MAPK and ERK1/2. Inhibition of ERK1/2 with PD98059 markedly decreased biglycan-induced ICAM-1 expression and MCP-1 release in human AVICs, while inhibition of p38 MAPK had no effect. The results suggest that ERK1/2 is the factor downstream of TLR2 and TLR4 in mediating the induction of the proinflammatory mediators by biglycan in human AVICs.
NF-jB plays a central role in TLR-mediated inflammatory response [34, 35] . In the present study, we observed that phosphorylation of NF-jB is induced in human AVICs following biglycan stimulation. Inhibition of ERK1/2 with PD98059 markedly reduces biglycan-induced NF-jB activation. Taken together, our results indicate that the ERK1/2-NF-jB cascade is an important mechanism in the TLR2-and TLR4-dependent induction of the proinflammatory mediators by biglycan.
Collectively, our findings demonstrate that biglycan induces the production of ICAM-1 and MCP-1 in human AVICs through TLR2 and TLR4. TLR2 plays a more important role. Further, biglycan activates the ERK1/2-NFjB cascade that is proinflammatory. Biglycan accumulation is evident in diseased aortic valves [17, 18, 36] . Therefore, activation of the immunoreceptor-mediated inflammatory response in AVICs by soluble biglycan may contribute to the mechanism of chronic inflammation associated with CAVD.
